Abstract. Single-layer latticed domes belong to structure of imperfection sensitivity. The randomly appears various initial geometric imperfection affected the ultimate load carrying capacity of the structure to some degree. To improve structural sensitivity, this paper proposed a new optimum design method considering the requirement of constant stability that is through section optimization design of reticulated domes to make those values of ultimate load carrying capacity shrinks toward equality that were obtained by section optimization and considering many different stochastic initial geometric imperfections. First we add stability constraint into the process of optimization design and the global stability analysis are considering. Then we group the members of structure according to sensitive rate of ultimate bearing capacity to imperfections and sequence two-stage algorithm is adopted to improve the section optimization design. Using single-layer K6 reticulated dome with span of 60 meters and rise of 15 meters as an example, the computed results show that, compared to the structure that has not been optimized in terms of section, those values of ultimate load carrying capacity of optimized structure considering 28 stochastic initial geometric imperfections, whose average value is bigger and the standard deviation is smaller. So we've got a section optimization result to make the structure's ultimate load carrying capacity pretty robustness and less volatile. In other words, the sensibility of ultimate load carrying capacity to imperfection is decreased and the amount of steel is reduced.
Introduction
Section optimization design of reticulated dome belongs to discrete variable optimum design. By taking cross-section of structural members as design variables, structural weight as objective function, and strength condition and stiffness condition as constraint condition, get the most optimal cross-sections that meet the constraint conditions and make the structural weight as light as possible [1, 2] . With the maturing of the theory of stability analysis and the development of the computer-aided design, it is inevitable that add on design requirements of global stability to the process of section optimization design [3] . When the constraint of global stability of reticulated shell meets the design requirements, the destabilization failure won't take place on the optimized structure to some extent, so it is a very important constraint. The feature of imperfection sensitivity of single-layer latticed domes is a huge potential security risk, Brendel [4] and Shen [5] have studied the method of consistent imperfect buckling analyses to find the worst imperfection distribution, but that is not an accurate conclusion when the nonlinear mechanical properties were considered [6, 7] . We do an in-depth study about the impacts of imperfection distribution to ultimate load carrying capacity, and find that, firstly, it can effectively increase the ultimate load carrying capacity of structure by increasing the section size of members that are located in the area where the displacement of imperfection is bigger. But, because of the randomness of imperfection distribution in the actual projects, we cannot be sure what members be increased is more reasonable. Secondly, there are weak or sensitive locations in the reticulated shell. Considering a certain local imperfection, if it occurs in a sensitive location, the value of ultimate load carrying capacity of reticulated shell will decline steeply, and if it occurs in a less sensitive location, the value of ultimate load carrying capacity will decline less. So we group members together who has equal sensitivity and conduct section optimization design, however the imperfection is distributed, sections of members that are located in a highly sensitive location are increased and sections of members that are located in a lowly sensitive location are decreased, that will make the ultimate load carrying capacity of structure shrink towards equality to a certain degree under different stochastic initial geometric imperfection.
The Sequence Two Stage Algorithm Based on Discrete Variables
The sequence two level optimization algorithm based on discrete variables [8] is adopted. The first level takes advantage of a one dimensional search algorithm to deal with local constraints, such as stress constraints and slenderness ratio constraints. The second level makes use of relative difference quotient algorithm to deal with global constraints, such as displacement condition and global stability condition. The result of first level optimization must be satisfied the local constrains and that is to be as the initial cross-section of the second level optimization. Increase the cross-sectional area of members of certain group to make the global constraints improved the most and the weight of structure increased the minimum that iterates until all constrains are satisfied.
Steel grade is Q235, the elastic modulus is 2.06*e11 N/m2 and the Poisson ratio is 0.3. The constitutive model of the steel was the ideal elastic-plastic model with the yield strength of 235 MPa. The welded hollow spherical joints are used in the reticulated dome. Numbers of sections and corresponding dimensions are shown in Table 1 those are used in the text. 
Impact Analysis of Initial Geometric Imperfection to Section Optimization Result
Section optimization design usually group members together by position in space, we define a name to describe it says 'grouping mode A'. Different method for section optimization design is put forward [9, 10] , based on grouping mode A. When stability constraints were added to the optimization design process, an unreasonable result of section optimization design may be obtained. Let us note the following example. Example1, A K6 single-layer latticed dome with a span of 50 meters, rise-span ratio of 1/5 is researched. The longest length of all members is 4.67 meters and the shortest length of all members is 3.44 meters. The dome is subjected to evenly distributed loading, as Q=2.0kN/m2. It is supported along its periphery with hinged joints. All the members are divided into sixteen groups as "grouping mode A". The members with the same number are together and have the same section, as group1 to group 16. There are three distribution are used. The first two imperfections are local deformation, on which the maximum deformation appears top and middle of shell. The third imperfection is the first-order modal of eigenvalue buckling analysis with all members' section number is assumed to 30, which is considered to be the most adverse distribution of imperfection according to the consistent imperfect buckling analyses method. Optimization results are shown in Table 2 and load-displacement curve under three imperfections sees Figure 1 the design imperfection during the process of section optimization, in order to meet the stability constrains (Pcr >4KN/m 2 ), the result of optimum has increased the third group members section that are located at the top of shell structure, the section number increase from the initial section number 30 to 33. It's worth noting that the displacements of imperfection at the top of shell are bigger. When imperfection 2 is designated as the design imperfection and the section optimization design is conduct, the section number of members of the 4th, 5th, and 8th group are enlarged, those members are located in the intermediate area of shell structure, and one other thing to note is where the displacement of imperfection is biggest now. If imperfection 3 is designated as the design imperfection, all the constraints are meted when the section number of members of all groups equal to 30.
We could see that the first-order modal of eigenvalue buckling analysis is not the most disadvantaged imperfection distribution than the imperfection with local deformations. What's more, we conclude that increasing the section size of members which are located in the special area where its displacement of imperfection is bigger can effectively improve stability ultimate bearing capacity of structure and increase the weight of structure minimum. As seen in Figure 1 , it is concluded that the result of section optimization is different under different imperfections and the stability ultimate bearing capacity of optimized structure will decrease under non-designated imperfection that will have an extremely negative effect on safety and stability of the structure. What's more, initial geometrical imperfections and section sizes are closely related to the stability ultimate bearing capacity of structure, it can effectively improve stability ultimate bearing capacity of structure by increasing the section size of members which are located in the special area where its displacement of imperfection is bigger. But, because of the randomness of imperfection distribution in the actual projects, we cannot be sure what members be increased is more reasonable. The analysis in the next two sections will help to solve above trouble.
Section Optimization Based on Sensitivity Area
Single-layer latticed domes belong to imperfection sensitivity structure and many scholars have made an analysis for it [11, 12, 13] . This paper proposes a concept of sensitive area based on the relationship of imperfection, ultimate bearing capacity and members' section size. An imperfection is designated, when it appears on different areas of the shell structure, the decline of bearing capacity is different. Under this law, if the bearing capacity dropped most, the location of the designated imperfection appeared is defined as highly sensitive area, if the bearing capacity dropped less, the location of the designated imperfection appeared is defined as lowly sensitive area.
Example 3, the model is same as example 2, Q=1.9kN/m2. The members divided into three groups based on the requirement of similar sensitivity, we define a name to describe it says 'grouping mode B', sees Figure 2 . Sequence two-stage algorithm is adopted and the section optimization design is conducted. The stochastic 28 initial geometric imperfections conform to normal distribution law with mean zero, standard deviation R/3, R is the amplitude of imperfection assigning one third of a percent of span. Without considering the section optimization, when the number of section of all members equal to 33, the double nonlinear stable analysis on the structure is carried out considering 28 imperfections. The value of 16th ultimate bearing capacity equal to 3.75813 KN/m 2 that is the minimum, less the two times of uniform distribution load Q (3.75813 KN/m2< 2*Q=3.8 KN/m2). That is, if the 16th imperfection appeared on the structure, the stability ultimate bearing capacity doesn't meet the design requirement, in order to satisfy the constraints, the section number of all members has to be increased together from 33 to 34. The weight of steel for structure is increased by 10.8%.
Compared to the shell structure that has not been optimized in terms of section, those data get by 'grouping mode B' whose average value is bigger and the standard deviation is smaller, so the fluctuation of ultimate bearing capacity with imperfections was decreased and steel was economized. But, when the grouping mode A is adopted, the average value is smaller and the standard deviation is bigger, so it is not a reasonable method to group members together though the steel was economized. The data are shown in Table 3 . 
Conclusion
It is inapplicable to group members together by the way of 'grouping mode A'. When non-designated imperfection appeared, the ultimate bearing capacity of optimized structure will decrease markedly and that will have an extremely negative effect on safety and stability of the structure.
A new section optimum design method is proposed considering the requirement of constant stability. By improving the grouping and section optimization, to make the ultimate load carrying capacity of structure shrink towards equality under many stochastic imperfections. Make sure the ultimate load carrying capacity of optimized structure is more robust than the structure without optimization, and saves using amount of processing steel material.
